into the eighth grade. I caught up with the children of my age group. Then I went to a wonderful high school where I got my physics foundation and chemistry foundation.
EJC: At this point was this the beginning of your intense interest in science?
AH: Absolutely. I had absolutely great teachers there, who worked for practically nothing. Later, I found out that the school was so poor that it couldn't even pay my teachers.
Then I went to-like all the young Israelis-to serve in the Israeli army. And at the time I was interested in a medical career. When I was in boot camp and they learned that I wanted to be a physician, they sent me to the medical corps to work in the pathology institute of a military hospital. There I very quickly discovered that at the time, medicine was not yet science. And I saw-being in the pathology institute-mistakes. I decided that I'd rather be a scientist working toward better medicine.
I applied to and I was admitted to the science corps of the Israeli army. And that allowed me to go and study at the Hebrew University in Jerusalem. Initially I wanted to study biochemistry, but very quickly I found out that the foundation of biochemistry is really chemistry. And then I found out that for chemistry, I needed physical chemistry; and for physical chemistry, I needed physics; and for physics, I needed mathematics. So I studied all of the above.
Eventually, at the Weizmann Institute I wrote a first Master's thesis in chemical kinetics with a great physical chemist-Ernest (Ernie) M. Grunwald-who was on a sabbatical from the United States. On his way to Israel he passed through England where people don't drive on the right side of the road. And he didn't look at the traffic coming, and he arrived in Israel with his arms and his legs broken. So I was the arms and the legs of Ernie Grunwald, and it couldn't have been a better experience of learning physical chemistry.
EJC:
You must have developed a very close relationship with him.
AH:
Indeed. Exceptionally close. He taught me how to analyze results, how to measure, how to pose a question, how to answer it. It was an exceptional experience. He was sitting in a chair with his arms and his legs in casts, and I was executing his work. What a way to learn! EJC: A very unusual opportunity and-to some degree-burden.
AH: I wrote my Master's thesis, but there was some jealousy. The Hebrew University didn't want to recognize a Master's thesis that was done at the Weizmann Institute. So my thesis was rejected. I went to my organic chemistry professor-Ernst David Bergmann-and he said, "No problem. I like your thesis. And you will just work with me for a little while, and this will be part of your PhD thesis." So I became the student of Ernst David Bergmann.
And Ernst David Bergmann was one of the greatest scientists and technologists of Israel. The Weizmann Institute has a chemistry building named after him. The Israeli armament development authority has its major facility named after him. He worked very closely with David Ben Gurionwho was the first prime minister. He was also the founding director of the Weizmann Institute.
What I learned from Bergmann is something that at the time was not acknowledged: that there is no boundary between good fundamental research and good applied research and engineering. The boundaries don't exist. You have a continuum. You do one well, you do the others well. At the time, the notion was that there is such a thing as fundamental research that stands on its own, and there is applied research that is aimed at products and services. But, of course, the boundary doesn't exist.
EJC:
Unfortunately, that view is still somewhat popular around the world.
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AH: In some places. My opinion is that there is nothing-but nothing-that is more important than uncovering a new truth in science or in engineering. The next best thing that one can do is create a product or a service that serves people. The next best thing is to educate people who can uncover truths or create people-serving products. The next best thing one can do is to provide data for those people who can use them to uncover new truths or to create new products. And I have a pretty poor opinion of people who say that they work on applied science but are looking for its application.
EJC: I guess it was around this time of your graduate work that you met your lovely wife, Ilana.
AH: Indeed.
EJC:
Can you tell us a little about that?
AH:
In the second year of my studies, when we were in a biochemistry class-that's where I got to know her. I also was her commanding officer for a while in the summer and in the weekends when we were training. And I was fortunate to meet her. Immediately after I got my PhD, I put my knowledge to use. I knew some computational chemistry, I knew synthetic chemistry, I knew physical chemistry, and I used these to develop organic liquid scintillators for fast nuclear counting. I got a patent and published five papersmost of them in the Journal of Chemical Physics-and sold the patent to Nuclear Enterprises in Scotland. This provided Ilana and me much needed money because we were exceptionally poor at the time.
EJC:
In 1958, our first child was born. That was three years before I completed my PhD thesis. Ilana was working on her PhD thesis. By the way, when I was in Paris, Ilana was with me, working at the Institut Pasteur with Jean Dausset, who later got the Nobel Prize. So Ilana was a pretty good scientist on her own.
But in 1958, our first child-a daughter-was born, and she was sick. She didn't have valves in her urinary system, and she was misdiagnosed-terribly-as being allergic to cow's milk. Because of the misdiagnosis, she then developed a chronic kidney infection, had high fevers, went into convulsions, was treated with dihydrostreptomycin, which made her deaf. It also damaged her brain. We didn't know about her missing urinary valves until much later, until we came to the United States. In Israel, initially, we were told that she was retarded. Later, also in Israel, it was discovered that she was deaf.
Ilana and I came to Berkeley in 1962 where I was to work with Andy Streitwieser. At the time, Andy Streitwieser was doing theoretical chemistry. I thought that I can do better computational theoretical chemistry with Andy than I had done in Paris.
EJC: I guess I just missed you at Berkeley? I graduated just before you arrived for your postdoc.
AH:
We published a paper with Andy on computational chemistry, but my main conclusion at the time was that I am getting my hypotheses back in numerical form. And very quickly, while I was still at Berkeley, switched to working on plasma chemistry with Andy. This was 1963, when the first lasers appeared. They were Maiman's solid-state laser and Townes and Schawlow's gas masers and lasers; liquid lasers didn't exist. I started spreading the word, based on my work on liquid scintillators, that I know how to make a liquid laser.
And somebody, somehow, heard about it at the world's greatest hub of physical science and technology, the legendary Bell Laboratories. It was, at the time, the mecca of science and engineering, particularly in anything that has to do with electronics and communication. I got a phone call from a colleague at Bell Labs asking me, "Are you spreading the word that you know how to make a liquid laser?" And I said, "Yes." Pretty soon, I had a couple of colleagues from Bell Labs interviewing me. I got a job offer as a postdoc in Murray Hill, New Jersey, to work on liquid lasers. I start working there in the department of Field H. (Stretch) Winslow with Ed Wasserman.
Unlike others, I understood the core principle. There were no liquid lasers because people tried to make liquid lasers in solvents like water or alcohol or acetic acid, all of which had protons. But because they had protons, they had high-frequency vibrations. The high-frequency vibrations coupled with the excited electronic states, and the electronic energy was transferred to the vibrations. I showed this, while still at Bell Labs, by taking neodymium-which was the lasing ion, lasing in glasses and in solids-dissolving it in water, measuring a quantum efficiency of 10 −6 , putting it in D 2 0, and increasing the quantum efficiency by three orders of magnitude. Not good enough, but substantial.
EJC: You got rid of the protons?
AH: Yes.
At the time-this was now 1964-my daughter needed a school in New York. She had to go to the Lexington School for the Deaf. I had to look for a job in New York. I went to work for GTE Laboratories in Bayside, New York. It was there that I would build the first neodymium liquid lasers. On these, I have had the greatest exposure one could have had, that you could imagine. It was written up by all the newspapers, all the magazines. The American Institute of Physics had a press release.
EJC: So it was a big deal?
AH: It was a big deal at the time, in 1966.
EJC: I guess that was just before we actually met, I think. You were at GTE when we first met.
AH:
Exactly. Now, the solvent that I used was selenium oxychloride. Then we went to phosphorus oxychloride, and we tried to dry the phosphorus oxychloride to remove all the hydrogen present as hydrogen bound to the oxygen, tried to get it out as hydrochloric acid. And, in desperation, I added sodium to the phosphorus oxychloride-expecting it to blow up.
EJC: Were you disappointed?
AH: Well, it did not blow up. Sodium was, at the time, the best agent to reactively remove hydrogen chloride. Well, the sodium just sat there very quietly and didn't blow up or even react. It developed a passivating layer. Because it developed a passivating layer, I asked, "Maybe I can make a lithium chlorine battery and a sodium chlorine battery?" So I electrolyzed sodium chloride, using sodium tetrachloroborate and tetrachloroaluminate as the dissolved electrolytes in phosphorus EJC: And wasn't the army laboratory near Washington, DC also working in this area?
AH: Absolutely. They gave us money for this work. And when we reported it, they got very much involved, very quickly. The people who funded us also got involved-their paper was published immediately after ours.
EJC:
It was a very active field at that time.
AH: It became very active. What's gratifying is that, today, after 42 years, the battery is still in production. And it's still used in those applications where you need a very long life; it has a shelf life now proven to be 20 years. If you need a huge energy density, it has the highest.
So it has a unique combination of characteristics that no other battery can match.
AH: And that's why it is still being used. We then moved on to demonstrate electroluminescence in inorganic oxyhalides. In 1970, my daughter could no longer benefit from her special school in New York, and we had to move to Massachusetts. At GTE Labs in Waltham we experimented with electroluminescence. I thought, in the absence of radiationless relaxation-when energy doesn't flow from excited ions to vibrations of the solvent-then maybe we can have electrochemical reactions that emit light in the oxyhalide solutions. And, indeed, very quickly, we found that all of the rare earths are electroluminesced. But that wasn't important. What was important was that my colleague Heinz Gerischer, at the time the director of the Fritz-Haber-Institute in Berlin, was also interested in electroluminescence. He came to visit us in Massachusetts and spent a few days with us. This was just a short time after the oil crisis, precipitated by the Arab oil embargo, in 1973. And he was teaching me the elements of semiconductor electrochemistry and telling me that we can make a semiconductor liquid junction solar cell. At GTE, I couldn't do much work on these-my responsibilities were totally different and mostly lighting product related.
But a short time later, in 1975, my daughter no longer needed the school in Massachusetts. So I could return to Bell Laboratories. And then I really started to work seriously on the semiconductor liquid junction solar cells. And over five years we published a series of papers on efficient, more than 10 percent efficient, electrochemical solar cells.
Yeah. I remember that work very well. During this time, did you maintain your connection with Heinz and collaborate on the semiconductor work? AH: I came to Berkeley and gave several seminars at the invitation of Charles Tobias.
By 1981, after we made hydrogen efficiently, and after we converted sunlight efficiently to electrical power, I recognized that, in the practical sense, we cannot compete with the silicon p-n junction solar cells. The high assembly costs and sealing costs of the photoelectrochemical solar cells were inevitable, making them much more expensive. And because I saw that I can't help society, I quit.
EJC: So, what came next?
AH: I became a manager. Bell Laboratories decided that I should head a small but exquisitely great organization called the Electronic Materials Research Department.
If you asked me, "What's the claim to fame of the Electronic Materials Research Department?" I would say that the claim to fame was my colleague King L. Tai. King L. Tai was an absolutely unique colleague. He came to the United States without higher education, worked as a lab technician and as a junior scientist, and eventually-well before he retired-he was one of the few Bell Labs Fellows.
King built the technology of the dense interconnection of silicon chips. How do you connect an array of silicon chips so that they talk to each other rapidly? And in an integrated array, how do you transmit rapidly information from chip to chip? This required multilayer metallizations and multilayer interconnections, a totally new world of materials technology, including the flip chip technology where one made 10,000 solder joints simultaneously.
My job was to not interfere with his wonderful work, but to assist him, to promote him, to coordinate his work. I also had other colleagues like George Celler and Bob Frye, who worked on high-voltage silicon chips, laser annealing, silicon-on-silicon. . .all of these in our department.
It was the culture of Bell Laboratories that, in addition to being a manager, one continued to work as a scientist and engineer on one's own projects, not on somebody else's in the department you headed. I was my colleagues' supervisor and helped them, but was not their competitor, nor did I tell them what to do. Being head of the Electronic Materials Research Department, I was also reading the literature in the field and was tracking the science and technology of superconducting computers.
I saw a paper by two electrochemists whom you probably know-John Albery and Phil Bartlett-saying that there is an enzyme called glucose oxidase, which is a flavoprotein, having a catalytic redox center surrounded by thick, electrically insulating glycoprotein. When they used an organic metal electrode, electrons nevertheless appeared to tunnel from the metal to a redox center deeply buried in the insulating protein, well removed from the organic metal surface. We knew, however, that electron tunneling beyond a few angstroms was extremely slow.
EJC:
A low-probability event.
AH: Terribly low. So I started to look into it. And with my postdoc, Yinon Degani, we quickly established that the organic metal dissolved, and it was reacting and decorating the protein with redox centers. Then we took the enzyme, exposed its inner protein, bound to it redox centers and lo and behold. . .
EJC: It worked.
AH: . . . we could tunnel electrons back and forth by multiple hops, from redox center to redox center. Wow. Ephraim, my son, was at Yale School of Management at the time. Earlier, he got his first degree from Harvard in theoretical physics, then worked for a management consulting company, and was now in Yale School of Management. And he decided that he was going to look into applications of the electrical connection between enzymes and circuits, and quickly came up with diabetes management. Diabetic people must monitor glucose concentrations in order to maintain their health.
Romania, and passed through a concentration camp. And the two are maybe related, because today-at the age of 81-I'm still thinking that I need to pay for my survival, when everybody around me died and I survived. How do I pay back society for being allowed to be alive?
So, indeed, we are thinking about our next contribution to society. You and I know that Ephraim and I are trying to help people with Parkinson's disease. And it's the continuation of the recognition in the White House. Now that I was allowed to survive, I was honored by the president of the United States. What can I do next to pay society for this? I am doing my best.
EJC:
Well, you've done such outstanding work already. It's very interesting to hear from you that you feel that there is more debt to pay. So, Adam, before we finish our conversation, I know that you've seen a number of changes in the field of chemical engineering. And we would be interested in knowing a little bit about the changes that you've seen and where you think the field of chemical engineering may be headed in the future.
AH:
First of all, the fundaments of chemical engineering. You are one of the great electrochemists; Charlie Tobias was one of the great ones. Our field is expanding, growing, and developing. John Prausnitz contributed as much as anybody to thermodynamics. The basics are developing. We gain deep and new understanding. What we also see-and you have seen so well as an associate director of Lawrence Berkeley National Laboratory-that we are doing a huge amount of quasiengineering that leads to nowhere. We are doing it only because the money exists. And that's a plague of part of chemical engineering R&D because it doesn't lead to new understanding or to people-serving products and services.
A lot of it is politically motivated. We see huge efforts at reducing carbon dioxide emissions. And it's a true tragedy that people are not taught that increased energy use is a direct result of growth in global wealth. The GDP per capita has increased 18-fold and the population of the world increased 14 fold in the past 100 years, resulting in a 250 fold increase in global wealth. Global poverty has decreased dramatically, and will continue to decrease. As people get wealthier they live in larger and better built homes and drive more cars. Just the cement and steel industries generate 13% of all CO 2 emitted. So as people and governments get richer, they consume more energy. There is nothing that you can do to stop it. One can't stop Asia and Africa from using more energy, nor can one stop people from having large families. The commendable and profoundly important substitution of fossil fuels by renewables and energy conservation have not stopped or slowed the rise in atmospheric CO 2 .
Considering that people will seek to increase their wealth and to have large families, resulting in continued rapid and massive growth in wealth and thus more energy usage, and considering that we already spend heavily on renewables, what are the alternatives? Well, we don't discuss the alternatives as much as we discuss renewables and conservation because the alternatives are offensive to well-meaning purists. We need to discuss more the limiting of global warming by controllable and reversible processes that when nature-caused and uncontrolled in the past had caused in the ice-ages, such as fertilizing of the Southern Oceans with short-lived forms of iron to induce photosynthesis by marine organisms and transiently reflecting sunlight by stratospheric sulfate aerosols.
EJC:
So, where do you think our field is headed in the coming decades? Chemical engineering especially-I think-has changed quite a lot in the past 30 years. And it is certainly going to continue to change.
AH:
There are some wonderful things that are happening. You see absolutely wonderful things happen in chemical engineering: providing, at a lesser cost, better materials; relying increasingly on natural product based feedstocks and inexpensively converting them to environmentally friendly chemicals. You see wonderful things in electrochemistry: shrinking down power sources, making electrical car batteries the way you are doing it. Sooner or later we will have a long-lived, moderate temperature, high-power-density fuel cell that uses methane instead of hydrogen, followed by one that uses higher boiling hydrocarbons. I think in electrochemistry, that's the greatest challenge that I can imagine. And you and I know that this will come. It's up to the next generation. So pretty soon-on a historical scale of 100 years-there's no question in my mind that we will drive liquid hydrocarbon fuel-based fuel cell powered cars.
EJC: So, you and I-as educators-see many young, bright students coming through our educational system. To end this conversation, I'd like to ask you what you think these young students should be told about entering a career in science and engineering and being successful in their careers.
For those few of our students who are thinkers, they should think. When I was mentored at Bell Laboratories by my executive director, William P. (Bill) Slichter, he taught me that I am not here to tell people whom I am coaching what to do, but to let them think. There's nothing more important that you can do. The minute that you let them think, they are on their way. But you and I know that the thinkers among our students are few-if I look at my own colleagues, I would certainly say fewer than 1 in 20 are able to think in depth about new directions.
EJC:
That's my impression also.
AH:
So what should the rest do? The rest should think how they can bring benefit to society. And when you go to work, the toughest test of whether you are bringing benefit to society is to go to work for a venture because the venture will sink if it doesn't bring benefit to society. In a large organization, you will survive even if you don't bring benefit to society. I guide students joining large organization join their fastest-growing part-not on one of the branches that are about to die. Each company has a fast-growing branch.
I like ventures. I like small companies. I like small organizations that are dynamic, where a small group of people makes decisions and has authority to carry out decisions, and where each member is held accountable for the decisions and their execution.
EJC:
Well, that's a valuable thought and advice. And I think we should conclude our very interesting discussion.
AH: Wonderful.
EJC: It's been a great pleasure to meet with you today.
AH:
Thank you, my beloved friend, Elton. It's such a pleasure to sit here with you and tell you stories.
EJC: Thank you, Adam.
